more mature oocytes whose imprints are in place (Kono et al., 1996) .
, Gnas, Rasgrf1, sion in their offspring? This article will focus on that and Mash2, are involved in regulating fetal growth and/ issue, as well as outstanding issues regarding the mechor the cell cycle. anism of imprinting.
One can easily rationalize why a new genetic mechanism might be imposed on fetal growth in mammals.
The Function of Imprinting in
Unlike the progeny of egg-laying animals, mammalian Mammalian Development embryos develop in a parasite-like relation to their A question of central importance to the field is the funcmother. Nutrient flow between the mother's placenta tional significance of genomic imprinting in mammals. and the embryo must be regulated throughout developTo date autosomal imprinting, as defined in this review ment, and the failure to do so is potentially catastrophic as the differential expression of the two parental alleles to the embryo, its littermates, and the mother. of a gene, has been demonstrated only in eutherian (i.e.,
The other theme that is beginning to emerge is the placental, nonmarsupial) mammals. However, female role for imprinting in brain development. The first hint marsupials exhibit a form of genomic imprinting as they of this came from the behavior of children with Praderpreferentially inactivate the paternal X chromosome in Willi (PWS) and Angelman (AS) syndromes. Both disall somatic cells (Cooper et al., 1993) . A similar mode eases are most often caused by large megabase deleof imprinted X inactivation occurs early in development tions at 15q11-q13, but in the case of PWS, the deletion in the extraembryonic tissues of eutherian females (Taoccurs on the paternal chromosome, whereas in AS, kagi and Sasaki, 1975 ) and may well represent the anthe affected chromosome is always of maternal origin cestral form of X inactivation.
(Lalande, 1996; Nicholls et al., 1998). Children with PWS The highly restricted developmental potentials of anare hypotonic, fail to suckle, and develop obesity and drogenotes with two paternal genomes, and gynogenmental retardation with time. In addition they have short otes or parthenogenotes with two maternal genomes, stature and small hands and feet. AS patients are ataxic, was interpreted to mean that genomic imprinting was hyperactive, and much more severely retarded. Two recritical to development in mammals. In retrospect this cently reported mouse models appear to recapitulate a argument is difficult to sustain. Androgenotes and gynonumber of these phenotypes (Jiang et al., 1998; Yang genotes do not fail to imprint completely; rather they et al., 1998). They lend strong support to the conclusion have a genome-wide imbalance in the dosage of imthat PWS is caused by the loss of expression of multiple printed genes. For example, androgenotes will have paternal-specific genes at 15q11-q13, whereas AS may double the dosage of paternally expressed genes and be explained by a loss-of-function of a single gene, no expression of maternally expressed genes. differences in the number and distribution of uniparental escape X inactivation, but are silent on the maternal X chromosome. They go on to suggest that this gene(s) cells in the brain, with androgenetic cells inhibiting overall brain size and contributing primarily to the hypothalamay explain why males, who inherit their X chromosome from their mother, are more vulnerable to developmental mus, but not the cortex. Gynogenetic cells appeared to enhance forebrain growth and were more likely to disorders of language and affiliation. contribute to the cortex, striatum, and hippocampus.
They concluded that imprinting may have contributed
The Parent Offspring Conflict Hypothesis and the Evolution of Genomic Imprinting over time to the rapid expansion of the cortex relative to other parts of the brain in mammals. Although this Is there a connection between the growth effects displayed by mutations in some imprinted genes and the finding is intriguing, the same caveat noted above holds. The uniparental cells in the chimeras are either underexbehavioral effects in others? Haig and Westoby (1989) articulated a theory for the evolution of imprinting that pressing or overexpressing virtually all imprinted genes. The phenotypic effects, therefore, could arise quite indicomes closest to providing such a synthesis. They proposed that imprinting will arise in polyandrous mammals rectly as a consequence of an imbalance in the expression of imprinted genes that creates small differences as the result of a conflict between males and females over the allocation of maternal resources to offspring. in the size of a stem cell population early in development.
More recently Peg1/Mest, a maternally imprinted gene Fathers will favor strategies for extracting the maximal amount of resources for their offspring, at the expense that is expressed broadly in the embryo, but is restricted to the brain in adults, has been disrupted in mice (Leof the mothers and their future offspring by other sires. Mothers will counter by using imprinting to allocate refebvre et al., 1998). In addition to causing a general retardation in embryonic growth, the mutation in adult sources equally among all their litters. The two sides battle one another to an impasse that is a compromise females was associated with poor maternal care, including impaired placentophagia. Peg1/Mest expression is growth rate, and thus Haig's suggestion that imprinting is a genetic "tug-of-war" (Moore and Haig, 1991). high in the adult hypothalamus, an organ that has been implicated in maternal behavior. Thus, imprinted genes
The model predicts that paternally expressed genes should promote growth and maternally expressed gene may extend their influence on growth regulation into the adult, to affect the care of the next generation.
should slow it down during any period when the mother is the sole source of the nutritional resources. This prePerhaps the most intriguing finding related to the role of imprinting in behavior has been suggested from a diction holds for a surprising number of imprinted genes, none of which were identified at the time the theory was difference that has been detected among females with Turner's syndrome (Skuse et al., 1997) . Those who inproposed (Table 1) A small number of primordial germ cells (PGCs) are While the model has been very successful in accomset aside early in development in mice, and these remain modating some of the functional data about imprinted sexually indifferent until E10.5. Whether PGCs fully erase genes, it has its detractors (Hurst, 1997). It has been all the gametic marks of the previous generation, or charged that the model is inherently too flexible and whether they leave intact the marks that do not require can be used to rationalize almost any result. Another switching, has not been firmly established. Imprints criticism is that if mammals are engaged in a classical could be lost passively by direct inhibition of the pri-"arms race" between conflicting genes, you might exmary maintenance methylase, DNA methyltransferase pect rapid evolution of imprinted genes in mammals, (Dnmt1), or by an active process involving a demethylcompared to other vertebrates, and this is not observed ase. There is contradictory evidence on this score from (Hurst, 1997). It may be that evolution has acted primarily studies of the genome-wide demethylation that occurs on the regulatory regions of these genes, especially the in early mouse embryos (Kafri et al., 1993; Rougier et al., regions that control imprinting. In fact there is a striking 1998). To date no DNA demethylase has been purified, lack of sequence conservation between the mouse and although an extract with this activity has been reported human H19 gametic marks (Jinno et al., 1996) and the (Weiss et al., 1996) . comparable regions in the mouse and human Igf2r genes (Smrzka et al., 1995) .
To address the question of whether imprints have , 1996) . is coincident with the acquisition of the Igf2r maternalspecific imprint (Stoger et al., 1993) , and prior to the However, when this premise was directly tested for the Igf2 gene, it was shown that transcription of Igf2 could time when the developmental potential of gynogenotes is reduced (Kono et al., 1996) . In spermatogenesis the occur in the absence of methylation (Jones et al., 1998a) . One of the first ideas suggested to explain the improtein is found transiently in spermatogonia, preleptotene and leptotene spermatocytes, but is lost at pachyprinting of such genes was enhancer competition (Bartolomei and Tilghman, 1992). In such a model, two tene. The acquisition of the paternal-specific imprint has yet to be correlated with any stage of spermatogenesis.
linked, reciprocally imprinted genes like Igf2 and H19 (Vrana et al., 1998) .
To explain these anomalies, it has been suggested In these mutant animals, Igf2 and H19 are coexpressed ., 1995) . Furthermore, methylation. In this proposal the antisense RNA itself plays no role. However, it is also possible to imagine a a paternal chromosome that harbors such a mutation displays the methylation pattern of a wild-type maternal model in which the inhibition of sense expression is achieved by direct interaction between the sense and chromosome. Even more surprising is the finding that deletions just upstream of the SNRPN promoter lead to antisense RNAs ( Figure 2E) .
In each of the foregoing models, allele-specific DNA AS by presumably eliminating the expression of UBE3A, and possibly other maternally expressed genes that lie methylation is responsible, either directly or indirectly, for the gene-silencing mechanism in a chromosomehundreds of kilobases telomeric to SNRPN. How do these cis-acting sites act at such distances? specific manner. How can we explain a gene like Mash2, whose imprinting is sustained in the absence of DNA The answer is far from clear, but in each case, the primary gametic signal, presumably the methylation status methylation (Caspary et al., 1998)? Although there is no precedence for a gametic mark other than DNA methylaof the SNRPN promoter, is able to propagate changes in DNA methylation and/or chromatin structure throughout tion, it is conceivable that a DNA-binding protein could serve this purpose. To do so, however, protein binding the region (Buiting et al., 1995; Dittrich et al., 1996). In the soma, transcription of the SNRPN could be required would need to be symmetrically segregated to sister chromatids during cell division and reestablished by a to propagate an unmethylated and open chromatin conformation throughout the paternal chromosome, akin mechanism such as cooperative protein binding.
Alternatively, one clue to Mash2 imprinting may lie in to the model in Figure 2F . Maternal methylation at the SNRPN could lead to the propagation of a different, the fact that it is embedded in a large cluster of imprinted genes. The sequences that confer imprinting on Mash2 more closed and methylated chromatin state. There is precedence for the ability of a CpG island, like the have not been identified, but it is conceivable that its imprinting depends on methylation-regulated sequences SNRPN promoter, to inhibit the methylation of nonisland sequences at a distance, although the distances that initiate and propagate a specific chromatin state
